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Hemorrhage under the neural retina (subretinal hem-
orrhage) can occur in the context of age-related macular
degeneration and induce subsequent photoreceptor cell
death and permanent vision loss. Current treatments
with the objective of removing or displacing the hem-
orrhage are invasive and of mixed efficacy. We created
a mouse model of subretinal hemorrhage to character-
ize the inflammatory responses and photoreceptor de-
generation that occur in the acute aftermath of hemor-
rhage. It was observed that microglial infiltration into
the outer retina commences as early as 6 hours after
hemorrhage. Inflammatory cells progressively accumu-
late in the outer nuclear layer concurrently with photo-
receptor degeneration and apoptosis. Administration of
minocycline, an inhibitor of microglial activation, de-
creased microglial expression of chemotactic cytokines
in vitro and reduced microglial infiltration and photo-
receptor cell loss after subretinal hemorrhage in vivo.
Inflammatory responses and photoreceptor atrophy oc-
curred after subretinal hemorrhage, however, the de-
gree of response and atrophy were similar between
C3-deficient and C3-sufficient mice, indicating a limited
role for complement-mediated processes. Our data in-
dicate a role for inflammatory responses in driving pho-
toreceptor cell loss in subretinal hemorrhage, and it is
proposed that microglial inhibition may be beneficial in
the treatment of subretinal hemorrhage. (Am J Pathol

2011, 179:1265–1277; DOI: 10.1016/j.ajpath.2011.05.042)

In the industrialized world, age-related macular degener-
ation (AMD) is the leading cause of legal blindness in

persons older than 65 years1,2 and represents one of the
largest challenges to visual health worldwide.3 The exu-
dative, or “wet,” form of AMD, the largest cause of AMD-
related vision loss, has undergone recent therapeutic
advances with the introduction of anti-angiogenic treat-
ments that have significantly improved visual out-
comes.4,5 However, choroidal neovascularization that
grows and extends into the subretinal space in wet AMD
can in some situations produce substantial bleeding, re-
sulting in formation of large hemorrhages in the subretinal
space that detach the retina from the supporting retinal
pigment epithelial layer. These large subretinal hemor-
rhages are inadequately addressed with use of current
anti-angiogenic therapies alone, with the result that the
visual prognosis in these situations remains compara-
tively uncertain and suboptimal.6–9

Subretinal hemorrhages often result in permanent vision
loss because they induce extensive photoreceptor atrophy
in the overlying neuroretina.10 The objective of previously
investigated therapies was to physically remove or displace
these subretinal hemorrhages, either surgically via evacua-
tion of the subretinal clot11–14 or by pneumatic displace-
ment after pharmacologic fibrinolysis.15–18 These ap-
proaches, largely explored in uncontrolled clinical trials,
have thus far produced mixed results. In the only controlled
clinical trial to date that compared surgical hemorrhage
evacuation versus no treatment, vision improvement or sta-
bilization resulting from surgery could not be demon-
strated.19 In addition, logistical considerations for surgery
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often entail some time delay between diagnosis and treat-
ment, during which photoreceptor degeneration in re-
sponse to subretinal hemorrhage can progress substan-
tially. As a result, more broadly effective and readily
accessible therapeutic regimens for this clinical entity are
desired.

The cellular mechanisms underlying photoreceptor
cell death in subretinal hemorrhage are currently inco-
mpletely understood but may be revealing of new thera-
peutic strategies. Pathogenic mechanisms previously
proposed include the direct toxic effects of blood com-
ponents such as hemoglobin20 and iron,21 the mechani-
cal traction effects from fibrinous attachments on photo-
receptor outer segments,22,23 and the barrier effects to
nutrient and oxygen transport to the retina.7 The role of
inflammation as a contributor to photoreceptor toxicity,
however, has been incompletely explored. In studies of
hemorrhage occurring in other central nervous system
locations such as the cerebral cortex and microglia, brain
resident immune cells have been noted to migrate rapidly
to the site of intracerebral hemorrhage.24–26 Once there,
they participate in the phagocytosis of blood products
but also induce increased inflammation at the injury
site.27–29 The cellular influences induced by this popula-
tion of activated microglia also have been thought to
contribute to neuronal cell death.30 In addition, studies in
brain have indicated activation of the complement sys-
tem in intracerebral hemorrhage,31 which has been pro-
posed to contribute to pathologic neurodegeneration.32

Whether these cellular and molecular mechanisms also
contribute to photoreceptor degeneration in the context
of subretinal hemorrhage has not been closely explored.

In the present study, to address the nature of inflam-
matory cellular responses in subretinal hemorrhage and
their relationship to photoreceptor degeneration, a mu-
rine model for subretinal hemorrhage was created that
simulates key clinical features observed in hemorrhagic
AMD. This model was used to characterize the nature
and time course of the inflammatory processes after sub-
retinal hemorrhage in terms of microglia and macro-
phage infiltration and activation in the outer retina occur-
ring concurrent with photoreceptor apoptosis, as well as
changes in expression of inflammatory cytokines and
chemokines. Also evaluated was the effect of administra-
tion of minocycline, an inhibitor of microglial activation, in
the mouse model. The role of complement activation in
photoreceptor cell death was also examined via induc-
tion of subretinal hemorrhage in mice deficient in com-
plement protein C3, a central component of the alterna-
tive pathway of complement activation.

The results obtained using a murine model of subretinal
hemorrhage indicate that microglial involvement in disease
was initiated shortly after hemorrhage induction and that
microglial infiltration was spatially and temporally associ-
ated with photoreceptor apoptosis. Expression levels of in-
flammatory cytokines, chemotactic chemokines, and ad-
hesion molecules were elevated as a result of the
presence of blood in the subretinal space. Microglial
inhibition by systemic minocycline decreased microglial
activation and infiltration and delayed the progression of

photoreceptor apoptosis and degeneration, which sug-
gests a potential therapeutic axis that may be helpful in
the treatment of subretinal hemorrhage.

Materials and Methods

Animal Surgery to Create a Model for Subretinal
Hemorrhage

Two- to 3-month old C57BL/6 mice (Charles River Labo-
ratories International, Inc., Wilmington, MA) and trans-
genic mice on a C57BL/6 background, deficient in com-
plement component C3 (C3�/�)33 (B6.129S4-C3tm1Crr;
Jackson Laboratory, Bar Harbor, ME) were used in this
study. C3�/� transgenic mice lack C3 in serum and in the
ocular aqueous and vitreous of the eye. They also demon-
strate normal ocular anatomy and intact ocular responses to
bacterial infection.34 All animal experiments were con-
ducted according to the Association for Research in Vision
and Ophthalmology statement for the use of animals, and
were approved by the National Eye Institute Institutional
Animal Care and Use Committee. To create the mouse
model of subretinal hemorrhage, animals were anesthetized
via i.p. injection of a mixture of 90 mg/kg ketamine and 8
mg/kg xylazine. Autologous blood was collected from a tail
vein and immediately used for subretinal injections. Subreti-
nal injections were performed under a dissecting micro-
scope (model SZX16; Olympus America, Central Valley,
PA). In brief, the scleral surface on the temporal quadrant
was exposed, and a tunneled scleral incision was made
using a sharp 29-gauge needle at approximately 0.5 mm
posterior to the limbus. The tip of a blunt 33-gauge needle
that had been connected to a Hamilton microsyringe con-
taining autologous blood was introduced through the inci-
sion and advanced toward the posterior pole at a 5-degree
angle to the scleral surface. On obtaining access to the
subretinal space with the tip of the blunt needle, 1.6 �L
autologous blood was slowly injected, forming an elevated
retinal bleb. The needle was carefully withdrawn, and topi-
cal antibiotic ointment (Bacitracin Ophthalmic Ointment
USP; E. Fougera & Co., division of Altana, Inc., Melville, NY)
was applied. An anticoagulant was not used together with
the injection of autologous blood, and a subretinal blood
clot was allowed to form in the subretinal space after injec-
tion. In control experiments, instead of autologous blood,
1.6 �L 0.5% sodium hyaluronate (Provisc; Alcon Laborato-
ries, Inc., Fort Worth, TX) was injected in the contralateral
eye using the same technique into the subretinal space.

Imaging of Mouse Fundus after Subretinal
Blood Injection

Proper localization of the injected autologous blood in the
subretinal space was confirmed in vivo at various times after
subretinal injection using fundus imaging and optical coher-
ence tomography (OCT). Animals that previously received
subretinal blood injections were anesthetized, and their pu-
pils were dilated using eye drops containing 1% tropic-
amide and 2.5% phenylephrine hydrochloride. Color fun-
dus images were captured using a fundus imaging system

(Micron II; Phoenix Research Laboratories, Inc., Pleasanton,
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CA) to visualize the size and location of retinal blebs result-
ing from subretinal blood injection. OCT imaging was per-
formed using a device adapted for small-animal and rodent
imaging (SDOCT; Bioptigen, Inc., Research Triangle Park,
NC). Animals were positioned in a rodent-alignment stage,
and the scanning beam was directed at the temporal retinal
quadrant over the area of injection. Series of B-scans, each
1.2 mm long and traversing the area of subretinal hemor-
rhage, were collected.

Histopathologic Analysis

Experimental animals were euthanized via CO2 inhalation
at various times (6 hours to 10 days) after subretinal
injection. For preparation of plastic-embedded sections,
enucleated globes were fixed via immersion in a solution
of 2.5% glutaraldehyde and 2% paraformaldehyde in
PBS, embedded in methacrylate, serially sectioned
through the vertical pupillary–optic nerve plane, and
stained using H&E. The plane of sectioning was oriented
in a nasal-to-temporal direction to traverse the site of
subretinal injection in the temporal quadrant. For immu-
nohistochemical studies, harvested globes were dis-
sected to remove the anterior segments, immersed over-
night in a solution of 4% paraformaldehyde in PBS, and
washed overnight with PBS. The fixed eye cups were
embedded in 7% agarose, after which serial sections 100
�m thick were cut using a vibrating microtome (VT1000S;
Leica Microsystems, Inc., Bannockburn, IL) with the cut-
ting plane in the nasal-temporal direction and vertically
oriented in the pupillary–optic nerve axis, and were col-
lected in PBS. Sections traversing the geometric center of
the area of hemorrhage, where the outer nuclear layer
was subject to the greatest attenuation, were identified
and collected. The sections were stained with primary
antibodies against ionized calcium-binding adaptor mol-
ecule-1 (1:500; Wako, Richmond, VA) and CD11b (1:50;
catalog No. MCA711; AbD Serotec USA, Raleigh, NC) to
label microglia, glial fibrillary acidic protein (GFAP)
(1L100; catalog No. 13–0300; Invitrogen Corp., Carls-
bad, CA) to label astrocytes and processes of gliotic
Müller cells, C3 [1:25; catalog No. HM1045; HyCult Bio-
technology (Hycult Biotech), Uden, The Netherlands] to
characterize complement deposition, NF-�B p65 subunit
(1:50; catalog No. 4764; Cell Signaling Technology, Inc.,
Beverly, MA) to evaluate NF-�B activation, and tumor
necrosis factor-� (TNF-�) (catalog No. ab1793; Abcam,
Inc., Cambridge, MA) to detect microglial activation. Sec-
ondary antibodies were added at a 1:400 dilution and
incubated for 4 hours. Sections were washed in ICC
buffer (PBS containing 0.5% bovine serum albumin, 0.2%
Tween 20, and 0.05% sodium azide), pH 7.3, labeled with
DAPI (catalog No. D1306; Molecular Probes, Inc., Eu-
gene, OR) to label cellular nuclei, and mounted on glass
slides with mounting medium (Fluoromount; Sigma-Al-
drich Corp., St. Louis, MO). To label apoptotic cells,
retinal sections were also labeled using the terminal
dUTP-mediated TUNEL technique, performed according
to the manufacturer’s protocol (In Situ Cell Death Detec-
tion Kit; Hoffman-La Roche AG, Basel, Switzerland). In

brief, vibratome sections were permeabilized in 300 �L
1% Triton X-100 for 60 minutes, after which 100 �L
TUNEL reaction mixture was added and incubated for 1
hour at 37°C.

Confocal Imaging and Morphometric Analysis

Slide-mounted sections after immunohistochemical stain-
ing and/or TUNEL labeling were imaged using confocal
microscopy (SP2, Leica Microsystems GmbH, Wetzlar,
Germany; or FluoView 1000, Olympus Corp., Tokyo, Ja-
pan). Sections traversing the area of the subretinal injec-
tion were identified by the dome-shaped profile of the
detached retina. The section passing through the central
portion of the area of subretinal injection was selected,
and the imaging field was centered on the central portion
of the lesion. Confocal stacks of images of uniform z-
depth (21 images per z-stack, 1 �m apart; total z-depth,
20 �m) were collected at �40 magnification using stan-
dardized settings. To avert variability in tissue pathologic
features that may exist along the central-to-periphery axis
of the lesion, cell counts of the number of TUNEL- and
Iba-1–labeled cells in the outer nuclear layer were per-
formed in only one central imaging field in each eye at the
location where pathologic changes were maximal. Cell
counts were performed with masking of the status of the
experimental animal. The limits of outer nuclear layer
(ONL) visible in the central retinal section were delin-
eated using a region-of-interest tool within an image-
processing computer program (ImageJ; National Insti-
tutes of Health, Bethesda, MD), and the area of the
delineated section (ONLarea) was measured. The length
of the vitreal (ONLL,V) and scleral (ONLL,S) borders of the
outer nuclear layer belonging to the region of interest
were then separately measured. The outer nuclear layer
thickness for that particular section was calculated as the
circumscribed area of the outer nuclear layer divided by the
mean measured lengths of the scleral and vitreal borders of
the outer nuclear layer in that section: [ONLthickness �
ONLarea/0.5*(ONLL,V � ONLL,S)]. The density of counted
cells in a section was determined by dividing the number
of cells in the outer nuclear layer by the measured area of
the outer nuclear area (ONLarea).

Measurements of Protein Levels using Enzyme-
Linked Immunosorbent Assay

Changes in protein level in the retina after subretinal
blood injections were evaluated. At days 1 and 3 after
subretinal blood injection, experimental animals were eu-
thanized, and their eyes were enucleated. Retinal tissue
overlying the areas of subretinal hemorrhage was dis-
sected free in oxygenated Ringer’s solution and immedi-
ately transferred into a 1.5-mL Eppendorf tube containing
150 �L lysis buffer (RIPA buffer; Sigma-Aldrich Corp.)
containing a protease inhibitor cocktail (Calbiochem,
Gibbstown, NJ). Retinal tissue was then homogenized
and incubated on ice for 20 minutes. Cell lysates were
centrifuged for 20 minutes at 21,000g, and the superna-
tants were isolated. The overall protein level in retinal

lysates was quantitated using a BCA Protein Assay Kit
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(Pierce Chemical Co., Rockford, IL). The protein levels in
cytokines and adhesion molecules were assayed using a
commercial chemiluminescence-based enzyme-linked
immunosorbent assay (ELISA) (Searchlight; Aushon Bio-
systems, Inc., Billerica, MA). At least three replicates of
each experimental condition were performed.

In Vivo and in Vitro Administration of
Minocycline

Experimental animals received subretinal injections of
autologous blood, and were immediately administered
i.p. injections of minocycline (50 mg/kg b.i.d. dissolved in
an injection volume of 0.3 mL PBS; catalog No. M9511-
1G; Sigma-Aldrich Corp.). As controls, experimental an-
imals that received subretinal blood injections were
treated with an equal volume of PBS on the same sched-
ule. Animals were euthanized at 5 and 10 days after
treatment, and their eyes were harvested for analysis.

In vitro effects of minocycline administration on cul-
tured microglial cells were also evaluated. In brief, micro-
glia were isolated as a pure population from mouse retina
as previously described.35 Cultured retinal microglia
were seeded into a six-well tissue culture plate (Corning,
Inc., Corning, NY) at a density of 1 � 106 cells/well, and
were allowed to settle overnight. Blood was collected via
the orbital sinus from a 2-month-old wild-type C57BL/6
mouse and was centrifuged immediately at 8000g for 3
minutes. The resulting erythrocyte cell pellet was frozen
to induce cell lysis, and was resuspended in culture
medium at a dilution of 1:100,000. Cultured retinal micro-
glia were divided into three groups and incubated for 24
hours with either: i) culture medium only, ii) culture me-
dium containing freshly lysed blood cells and their hemo-
globin-containing contents, or iii) the same contents as in
ii) with added 30 �mol/L minocycline. Microglial cells
were harvested from the culture wells, and protein level
was assessed using ELISA as described above.

Statistical Analysis

Statistical analysis were performed using statistical soft-
ware (GraphPad Software, Inc., San Diego, CA). One-
way analysis of variance using the Dunnett’s or Tukey’s
multiple-comparison posttest was performed to analyze
the results of ELISA measurements. Data sets from in vivo
experiments evaluating the effect of minocycline and C3
deficiency on outer nuclear layer thickness, TUNEL stain-
ing density, and outer nuclear layer microglial density
were evaluated using normality tests. Data were analyzed
using the unpaired Student’s t-test in the case of gauss-
ian distribution or the nonparametric Mann-Whitney U-
test if the data did not follow a normal distribution. P �
0.05 was set as the basis for rejection the null hypothesis.

Results

Creation of Mouse Model of Subretinal
Hemorrhage

A model for subretinal hemorrhage in the murine eye was
established that recapitulated the major pathologic fea-
tures observed in human disease. A murine model con-
fers the advantages of a small-animal model and pro-
vides opportunities to study genetic contributions to
disease pathogenesis in genetically manipulated mice.
Our murine model was examined for key pathologic phe-
notypes found in clinical subretinal hemorrhage. The
most common cause of subretinal hemorrhage in patients
is AMD of the wet, or exudative, form. In these clinical
cases, a large subretinal hemorrhage is typically charac-
terized by the acute appearance of a dome-shaped ac-
cumulation of blood in the subretinal space (Figure 1, A,
B, and D), and is formed as a result of bleeding from
choroidal neovascularization, new vessels that grow from
the choroid through Bruch’s membrane into the retina.
The overlying neuroretina is elevated from its normal po-
sition and separated from the retinal pigment epithelium.
The accumulated subretinal blood gradually resolves
over a course of weeks but is accompanied by concur-
rent outer retinal atrophy that results in substantial and
irreversible loss of vision (Figure 1, C and E).

Subretinal hemorrhage was simulated in our mouse
model via injection of a small volume of autologous blood
into the temporal subretinal space, creating an elevated
dome-shaped retinal detachment (Figure 2A). The ana-
tomical configuration of the subretinal blood accumula-
tion as visualized using in vivo OCT imaging (Figure 2B)
and histopathology (Figure 2C) resembled that observed
in clinical exudative AMD. The subretinal hemorrhage in
the mouse model also underwent gradual resolution
within a few weeks after induction. Extensive outer retinal

Figure 1. Clinical findings in subretinal hemorrhage in the
context of neovascular (wet) AMD. Fundus photographs
demonstrate the typical clinical setting in which subretinal
hemorrhage develops in the context of AMD. A: Subretinal
hemorrhage can occur acutely in an eye at risk such as one
containing signs of intermediate AMD in the form of drusen
and pigmentary changes (arrows). B: Appearance of an
acute macular subretinal hemorrhage as a result of choroidal
neovascularization formation. C: Subretinal blood gradually
resolves over a period of weeks, with the affected area
developing extensive retinal atrophy and loss of central vi-
sion (arrowheads). D: Corresponding images obtained us-
ing OCT in the same eye demonstrate in vivo cross-sectional
views of the subretinal hemorrhage that detaches the retina
at the macula (arrowheads) in a dome-shaped configura-
tion. E: With resolution of the hemorrhage, concurrent reti-

nal atrophy and loss of the outer retinal lamina in the af-
fected area is typically observed (arrows).
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atrophy developed concurrently in the area overlying the
hemorrhage (Figure 2, C and D). These results demon-
strated that the anatomical configuration and degenera-
tive consequences of subretinal hemorrhage were reca-
pitulated in the mouse model of the disease.

Apoptosis and Microglial and Macrophage
Infiltration in Subretinal Hemorrhage

With establishment of a mouse model, we evaluated
the nature of cellular and tissue changes occurring in the
retina in response to subretinal blood. To differentiate the
cellular effects resulting from the presence of blood com-
ponents in the subretinal space from those resulting from
mechanical detachment of the retina, an equivalent vol-
ume of inert viscoelastic material was injected in the
contralateral eye as a control. Histologic analysis in reti-
nal sections obtained at 1, 3, and 5 days after injection of
the viscoelastic material revealed moderate attenuation
of the outer nuclear layer after detachment in the control
eyes (Figure 3). However, in the contralateral eyes, which
were injected with autologous blood, there was a consid-
erably greater extent of outer nuclear layer atrophy over-
lying the area of hemorrhage at all times examined (Fig-
ure 3). Outer nuclear layer atrophy was apparent at 1 day
after subretinal blood injection, and progressed rapidly
with time; at 5 days, the outer nuclear layer was reduced
to a single irregular layer of cells. This indicated that outer
retinal degeneration after subretinal hemorrhage was in
large part contributed to by the presence of blood con-
stituents in the subretinal space rather than detachment
from the retinal pigment epithelial layer itself.

We also evaluated the mechanism of cell death after
subretinal hemorrhage in the mouse model. Apoptosis
was assessed after subretinal injections of blood and
control viscoelastic material by performing TUNEL stain-
ing on vibratome-sectioned retinas. At 12 hours after
injection, TUNEL-positive cells in the outer nuclear layer
were visible in substantial numbers in eyes injected with
subretinal blood but not in control eyes injected with
viscoelastic material (Figure 4, A and B). At 1, 3, and 5
days after injection, the density of TUNEL-positive cells

increased in the outer nuclear layer in both control eyes
and those injected with subretinal blood; however, the
density was significantly greater in eyes that received
subretinal blood injections (Figure 4, C–H). These results
indicated that outer nuclear layer cell death was initiated
hours after subretinal blood injection, and was likely
driven by apoptosis.

Figure 2. Anatomical and pathologic findings in a murine
model of subretinal hemorrhage. A model for subretinal hem-
orrhage was created in the adult mouse by injecting a small
volume (1.6 �L) of autologous blood into the subretinal space
via a transscleral route using a small-gauge (33G) needle. A: In
vivo photograph of the mouse fundus of the treated eye at 5
hours after subretinal blood injection reveals an area of dome-
shaped retinal detachment (white arrows) containing a cen-
tral blood clot (black arrow). B: In vivo cross-sectional view of
the subretinal hemorrhage (asterisk) at 3 days after treatment
as visualized using OCT. C: Histologic section of the retina in
the area of hemorrhage reveals an area of retinal detachment
(box) overlying subretinal hemorrhage (asterisk). Photore-
ceptor apoptosis in the area overlying the hemorrhage is la-
beled using TUNEL (red). Nuclear staining was performed us-
ing DAPI (blue), and the green channel was used to
demonstrate the autofluorescent nature of the subretinal hem-
orrhage. D: Histologic section of the retina at 2 weeks after
subretinal blood injection demonstrates resolution of the hem-
orrhage (asterisk) and development of outer retinal atrophy
over the area of hemorrhage (arrowheads).

Figure 3. Outer retinal atrophy after subretinal hemorrhage in a mouse
model of subretinal hemorrhage. Experimental mice received a subretinal
injection of autologous blood (1.6 �L) in the treated eye, and in the con-
tralateral control eye, a subretinal injection of an equal volume of an inert
viscoelastic substance (0.5% sodium hyaluronate) to simulate an equivalent
retinal detachment without the presence of subretinal blood. Representative
photomicrographs of thin plastic retinal sections stained using H&E are
shown at 1, 3, and 5 days after injection. Outer nuclear layer thickness (ONL)
was reduced in eyes receiving subretinal blood injections (right panels) to

a significantly greater extent than in eyes receiving control injections (left
panels). Scale bar � 50 �m.
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Also assessed were changes in the distribution of in-
flammatory cells after injection at immunohistochemical
staining for Iba-1, a marker for microglia and macro-
phages. At 12 hours after injection, we observed in eyes
with subretinal blood injections the rapid extension of
Iba-1–positive microglial processes into the outer nuclear
layer, a region normally devoid of microglia (Figure 4, A
and B). Increased numbers of Iba-1–positive cells were
also observed to migrate into the outer nuclear layer and
the subretinal space after postinjection day 1 (Figure
4C–H). A higher density of Iba-1–positive cells in the
outer nuclear layer were observed to accumulate in
blood-injected retinas than in control-injected retinas, in-
dicating that that the presence of blood in the subretinal
space induced an early and pronounced influx of acti-
vated microglia and macrophages into the outer retina
concurrent with outer nuclear layer apoptosis. Microglia

Figure 4. Photoreceptor apoptosis and microglial activation after subretinal
viscoelastic substance (0.5% sodium hyaluronate; control). Eyes were harve
using TUNEL staining (red) or immunohistochemistry for Iba-1 (to label micro
confined to the inner retina, could be seen extending vertically oriented proc
(B, arrow) but to a smaller extent in control eyes (A). TUNEL positivity is obs
absent in control eyes. C and D: At 1 day after injection, the number of TUN
blood eyes (D) but remained significantly higher in eyes injected with subreti
their somata into the outer nuclear layer and subretinal space (arrowhead
decreased, to a greater extent in eyes injected with subretinal blood (F) than
acquired a rounded amoeboid architecture in eyes injected with subretinal bl
subretinal blood was reduced to only one or two cells thick (H, arrow) b
thickness, photoreceptor apoptosis, and outer retinal microglial infiltration
thickness was largely maintained over 5 days after injection in control eyes
days after injection (right). J: Density of TUNEL-positive cells in the outer
injected with subretinal blood increased markedly at 12 hours (right). K: D
was relatively higher at 3 and 5 days after subretinal blood injection compa
and macrophages in the outer nuclear layer and subreti-
nal space exhibited rounded amoeboid architecture, in-
dicative of an activated phenotype (Figure 4, D and F).

Quantitation of the changes in outer nuclear layer
thickness, density of TUNEL-positive cells in the outer
nuclear layer, and density of outer nuclear layer microglia
and macrophages (Figure 4, I–K) demonstrated that
outer nuclear layer apoptosis, microglial infiltration, and
photoreceptor degeneration increased progressively
during the first 5 days after subretinal hemorrhage. These
effects were significantly more prominent in eyes injected
with subretinal blood than in control-injected eyes.

Microglia and Müller Cell Gliosis in Subretinal
Hemorrhage

Injected retinas were evaluated for the presence of gliotic

hage. Experimental animals received subretinal injections of either blood or
histopathologic analysis at various times after injection, and were analyzed
en). A and B: At 12 hours after injection, retinal microglia, which are normally
d migrating into the outer nuclear layer in eyes injected with subretinal blood
the outer nuclear layer in eye injected with subretinal blood but was largely

ive cells increased in both control eyes (C) and eyes injected with subretinal
d. Microglia were also observed to migrate into the outer retina, translocating
nd F: At 3 days, the thickness of the outer nuclear layer was considerably
rol eyes (E). F: Microglia in the outer nuclear layer and subretinal space also
rowheads). G and H: At 5 days, the outer nuclear layer in eyes injected with
ined substantial in control eyes (G). I: Quantification of outer retinal layer
ntrol and subretinal blood injections demonstrated that outer nuclear layer
hereas after subretinal blood injection, it decreased significantly at 3 and 5
layer remained relatively low in control eyes (left), whereas those in eyes
f microglial infiltration into the outer nuclear layer increased over time, and
control injection. Scale bar � 50 �m.
hemorr
sted for
glia, gre
esses an
erved in
EL-posit
nal bloo
s). E a
in cont
ood (ar
ut rema
after co
(left), w
nuclear
processes. Müller cell gliosis, as detected by the pres-



Minocycline in Subretinal Hemorrhage 1271
AJP September 2011, Vol. 179, No. 3
ence and increase in GFAP staining in Müller cell pro-
cesses, was observed at low levels at 1 day after injection
in both control- and blood-injected retinas (Figure 5).
GFAP positivity in Müller cell processes increased at 5

Figure 5. Microglia and Müller cell gliosis in mouse model of subretinal
hemorrhage. Microglia gliosis and Müller cell gliosis were followed up at 1
and 5 days after injection with immunohistochemical staining for Iba-1
(green) to label microglia and GFAP (red), astrocytes, and activated Müller
cells. At 1 day after injection, weak GFAP immunopositivity in Müller cell
processes was observed in both control eyes and eyes injected with subreti-
nal blood. At 5 days after injection, Müller cell processes (arrows) were
clearly labeled with GFAP in both control eyes and those that received
subretinal injections, indicating an increase in Müller cell gliosis. Large num-
bers of microglia with prominent, rounded, amoeboid architecture were
apparent in the outer nuclear layer and subretinal space (arrowheads),
indicating a more extensive degree of microgliosis in eyes injected with
subretinal blood compared with control eyes injected with viscoelastic ma-
terial. Scale bar � 50 �m.
days after injection, and was more prominent and exten-
sive in blood-injected than in control-injected retinas (Fig-
ure 5). The presence of microgliosis was also observed
prominently in blood-injected retinas, with the appear-
ance of deramified and amoeboid Iba-1–positive cells in
the outer nuclear layer and subretinal space. These cells
also stained positively for Mac2, a marker of activated
microglia (data not shown).

Increased Expression of Inflammatory
Cytokines, Chemokines, and Adhesion
Molecules in Subretinal Hemorrhage

To investigate the molecular nature of the inflammatory
response in the retina after subretinal hemorrhage, reti-
nas were isolated from eyes that received subretinal in-
jections of either viscoelastic material or autologous
blood and eyes that received no injections. Retinas were
dissected at 3 days after injection, and levels of inflam-
matory cytokines, chemokines, and adhesion molecules
in the retina were measured using ELISA. It was observed
that although not all comparisons achieved statistical sig-
nificance, levels of inflammatory cytokines TNF-�, IL-6,
and transforming growth factor-beta were highest in ret-
inas injected with subretinal blood, followed by retinas
injected with inert viscoelastic material, and with lowest
levels detected in eyes that received no injections (Figure
6, A–C). Similar trends were observed for the levels of
chemotactic cytokines CCL2 [chemokine (C-C motif) li-
gand 2] and SDF-1 (stromal cell–derived factor 1) (Figure
6, D and E) and for vascular cell adhesion molecule-1
and intercellular adhesion molecule-1 (Figure 6, G and
H). Levels of CCL5, another chemokine, were, however,
relatively low (�1 pg/mg) and remained unchanged (Fig-
ure 6F). These consistent changes indicated that al-

Figure 6. Inflammatory cytokines, chemotactic
cytokines, and adhesion molecules are up-regu-
lated after subretinal hemorrhage. Retinal levels
of cytokines and adhesion molecules in the ret-
ina were assessed using ELISA in uninjected eyes
(U) and in eyes injected subretinally 3 days be-
fore with either control (C) or autologous blood
(B). Inflammatory cytokines TNF-� (A), IL-6 (B),
and transforming growth factor-� (C) were gen-
erally elevated in injected eyes compared with
uninjected eyes, with the highest levels in eyes
injected with autologous blood. Similar trends
were observed for chemotactic cytokines CCL2
(D) and SDF-1 (E) and adhesion molecules
VCAM-1 (G) and ICAM-1 (H). Levels of chemo-
kine CCL5 (F) were low and relatively un-
changed. *P � 0.05).
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though retinal detachment alone, as induced by subreti-
nal viscoelastic, induced increased expression of these
molecules, the additional presence of hemorrhage in the
subretinal space further increased inflammatory re-
sponses in the retina.

Effect of Minocycline on Photoreceptor Cell
Death and Inflammatory Cell Infiltration in
Subretinal Hemorrhage

We examined the effect of minocycline, an inhibitor of
microglial activation, on retinal changes occurring after
subretinal hemorrhage in our murine model. Minocycline
administration (i.p. injection, 50 mg/kg b.i.d.) was started
immediately after subretinal blood injection, and was
continued until the animals were sacrificed at days 5 and
10. Control animals received injections of PBS on the
same schedule after subretinal blood injection. It was
observed that, compared with control animals, minocy-
cline-treated animals at 5 days after injection of subretinal
blood demonstrated a less attenuated outer nuclear layer
thickness overlying the area of hemorrhage (Figure 7A, B,
and E), with a lower density of TUNEL-positive cells (Fig-
ure 7F) and microglial cells (Figure 7G) in the outer nu-
clear layer relative to control. At 10 days after injection,
control animals were observed to have either a com-
pletely absent outer nuclear layer or an attenuated layer
composed of a single layer of cells, whereas minocy-
cline-treated animals exhibited a more preserved outer
nuclear layer (Figure 7, C–E). Owing to the degree of
attenuation of the outer nuclear layer in control animals at
10 days, the density of TUNEL-positive cells and outer
nuclear layer microglia could not be adequately deter-
mined.

To explore the mechanisms underlying the inflamma-
tory reaction to subretinal hemorrhage and the effect of
minocycline administration, cultured retinal microglia
were exposed to lysed blood cells in the presence and
absence of minocycline and were evaluated for expres-
sion of inflammatory cytokines and chemokines in micro-
glia. In vitro exposure of cultured retinal microglial cells to
lysed red blood cells in the absence of minocycline in-
creased the levels of CCL2, CCL5, and TNF-� but not
IL-6, or SDF-1 (Figure 8), which suggests that retinal
microglia respond to hemorrhage by increasing their ac-
tivation state and expression of chemotactic cytokines.
The addition of minocycline decreased levels of CCL2,
CCL5, and TNF-� to close to baseline, whereas levels of
IL-6 and SDF-1 were not significantly changed. Levels of
TGF� were also decreased. These results suggest that
the activation of retinal microglia induced by hemorrhage
may be suppressed by minocycline and may be a mech-
anism by which minocycline decreases apoptotic cell
death and microglial infiltration in the context of subretinal
hemorrhage in vivo.

The effects of minocycline in vivo on microglial activa-
tion were also assessed. NF-�B, a transcription factor
involved in regulation of multiple proinflammatory cyto-
kines, is translocated from the cytoplasm to the nucleus

during activation.36 Immunohistochemical localization of
Figure 7. Minocycline treatment reduces outer nuclear layer apoptosis
and atrophy after subretinal injection. Experimental animals were treated
with minocycline (i.p. injection, 50 mg/kg b.i.d.) beginning immediately
after injection of subretinal blood. As control, experimental animals were
injected with PBS at the same schedule after subretinal blood injection.
Representative retinal sections comparing atrophy in the outer nuclear
layer (ONL) in PBS-treated control animals and minocycline-treated ani-
mals at 5 days (A and B) and 10 days (C and D) after injection of subretinal
blood (TUNEL staining in red, and Iba-1 staining in green). At 5 days after
injection, outer nuclear layer thickness was typically greater in minocy-
cline-treated animals than in control-treated animals. Density of TUNEL-
positive cells and microglia in the outer retina were correspondingly
lower in minocycline-treated animals. At 10 days after injection, outer
nuclear layer thickness in control retinas was either completely attenuated
or reduced to a layer one cell thick (arrow). Outer nuclear layer thickness
was significantly greater in minocycline-treated animals (vertical bar). E:
Quantitation of outer nuclear layer thickness in eyes from control (�) and
minocycline-treated (�) animals at 5 and 10 days after hemorrhage. F:
Density of TUNEL-positive cells in the outer nuclear layer in control (�)
and minocycline-treated (�) animals at 5 days after subretinal injection.
G: Density of microglial cells in the outer nuclear layer in control (�) and
minocycline-treated (�) animals at 5 days after subretinal injection. Data
for postinjection day 5: n � 24 eyes from 12 control animals and 23 eyes
from 12 treated animals. Data for postinjection day 10: n � 9 eyes from 6

control animals and 13 eyes from 7 treated animals. *P � 0.05). Scale
bar � 50 �m.
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the p65 subunit of NF-�B was assessed in outer retinal
microglia after subretinal hemorrhage. In PBS-treated an-
imals, NF-�B was localized primarily to microglial nuclei,
indicative of activation, and in minocycline-treated ani-
mals, a more diffuse pattern of NF-�B staining was ob-
served in both nucleus and cytoplasm, suggesting an
inhibitory effect of minocycline on NF-�B activation (Fig-
ure 9, A and B). Immunopositivity of TNF-� was also
reduced in outer retinal microglia in minocycline-treated
animals compared with PBS-treated control animals (Fig-
ure 9, C and D). Changes in the overall tissue levels of
inflammatory cytokines in response to minocycline ad-
ministration were also assessed. Inasmuch as the inhib-
itory effects of minocycline on retinal microglia were likely
partial and the representation of microglial cells in the
overall sampled population of retinal cells was relatively
small, ELISA measurements made on retinal tissue may
not prominently reflect changes occurring in microglia.
Although comparisons did not reach statistical signifi-
cance, levels of cytokines and adhesion molecules were
generally decreased or stable in minocycline-treated ret-
ina compared with controls, with decreases most prom-
inent for CCL2 and IL-6 (see Supplemental Figure S1 at
http://ajp.amjpathol.org).

Role of C3 in Photoreceptor Cell Death and
Microglial Activation in Subretinal Hemorrhage

The presence of C3 deposition in the subretinal space
after subretinal hemorrhage was evaluated using immu-
nohistochemical staining for C3. Deposition of C3 was
detected in the subretinal space and along Bruch’s mem-
brane in wild-type mice at 5 and 10 days after subretinal
blood injection (Figure 10, A and D). C3 immunopositivity
was not detected in control experiments (in the absence
of the primary antibody to C3) (Figure 10, B and E), in
injected transgenic mice deficient in C3 (C3�/�) mice)
(Figure 10, C and F), or in mice that received no injections
(data not shown). The association of C3 deposition with
subretinal hemorrhage raised the possibility that comple-

ment activation may have contributed to outer nuclear
layer apoptosis after hemorrhage. However, experiments
involving subretinal blood injections into transgenic mice
deficient in C3, a central component in the alternative
complement cascade, demonstrated a similar profile of
outer nuclear layer atrophy and thinning at 5 and 10 days
after hemorrhage (Figure 10G). In addition, no differ-
ences were observed between wild-type C57Bl6 mice
and C3�/� transgenic mice insofar as outer nuclear layer
thickness (Figure 10H), density of TUNEL-positive cells
(Figure 10D), or density of outer nuclear layer microglia
(Figure 10I), which indicates that the absence of C3
deposition in the outer retina after subretinal hemor-
rhage did not significantly alter the progression of ret-
inal disease.

Discussion

In the present study, a model was established for sub-
retinal hemorrhage in the mouse eye that recapitulates
the primary pathologic features of clinical subretinal hem-
orrhage such as that resulting from exudative AMD.37

Previous studies have investigated the use of larger an-
imal models such as monkey,20 rabbit,22 cat,23 and rat,38;
however, to our knowledge, no previous reports have
described the use of the mouse model to study subretinal
hemorrhage. The murine model provides the advantages
of a small-animal model and enables access to geneti-
cally manipulated models for molecular study of disease
mechanisms. We used a combination of in vivo fundus
imaging and OCT imaging to guide accurate placement
of subretinal blood injections, generating hemorrhages
that were consistent in location and size and, thus, pro-
vided a reproducible model for experimental study.

Quantitative histologic analyses were performed in our
mouse model to explore and describe the nature of cel-
lular reactions after subretinal hemorrhage. It was docu-
mented that in the first 5 days after subretinal hemor-
rhage, progressive thinning and atrophy occur in the
outer retina, driven by apoptotic photoreceptor death in
the outer nuclear layer. The appearance of the first

Figure 8. Effect of minocycline on expression
of cytokines by retinal microglia after exposure
to red blood cells. Levels of cytokines in cultured
retinal microglia were assessed using ELISA un-
der baseline conditions (white bars), after expo-
sure to lysed red blood cells (black bars), and
after exposure to lysed red blood cells and mi-
nocycline together (gray bars). A: TNF-�. B: IL-6.
C: Transforming growth factor-�. D: CCL2. E:
CCL5. F: SDF-1. *P � 0.05).
TUNEL-positive apoptotic photoreceptors was detected

http://ajp.amjpathol.org
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as early as 6 hours after hemorrhage, concurrent with
initiation of microglial migration from the inner to the outer
retina. The subsequent increase in the density of TUNEL-
positive cells in the outer nuclear layer over the next 5
days was also accompanied by increased density of
microglia and macrophages in the outer retina, many of
which appeared activated by architecture (rounded
amoeboid cells) and by the expression of activation
markers. Although the density of microglia in the outer
nuclear layer will increase as that layer thins, separate
counts of the number of microglia per unit length of retinal
section also demonstrated increasing microglia over
time. This process of microgliosis was also accompanied

Figure 9. Effect of minocycline on microglial activation in the retina after
subretinal hemorrhage. Subretinal hemorrhage was induced in experimental
animals, and treated daily with i.p. injection of minocycline or PBS. Retinal
tissue was isolated after 3 days of treatment. A and B: Microglia in the outer
retina were labeled with CD11b (green), and their nuclei were marked using
DAPI staining. Cellular localization of NF-�B (subunit p65) was followed by
immunohistochemical staining (red). A: Microglia in PBS-treated control
retina demonstrated a pattern of NF-�B staining that was primarily confined
to the nucleus, suggestive of NF-�B activation. B: Microglia in minocycline-
treated retina demonstrated a more diffuse cytoplasmic pattern of NF-�B
staining, indicative of a less-activated state. C and D: CD11b-positive micro-
glia (green) in the outer retina were co-labeled with an antibody to TNF-�
(red). Microglia in PBS-treated control retinas (C) demonstrated a higher level
of TNF-� immunopositivity than did those in minocycline-treated retinas (D),
indicating a suppressive effect on microglial TNF- � expression by minocy-
cline. Representative images shown were captured using confocal micros-
copy under similar settings to provide a relative comparison of expression
levels. Scale bar � 30 �m.
by an increase in Müller cell gliosis, as evidenced by the
Figure 10. Role of complement in outer nuclear layer atrophy in a mouse
model of subretinal blood. Immunohistochemical staining for C3 after sub-
retinal injection demonstrated C3 deposition in the subretinal space and
along Bruch’s membrane. Representative retinal sections demonstrated C3
deposition in a wild-type C57BL/6 mouse at 5 days (A) and 10 days (D) after
injection of subretinal blood. Absence of C3 staining was observed in control
experiments in which the primary antibody to C3 was omitted (B and E) and
when similar sections from a C3�/� mouse on a C57Bl6 background were
tested (C and F). Arrowheads indicate the position of Bruch’s membrane. G:
Quantitation of outer nuclear layer thickness in eyes from wild-type and
C3�/� animals at 5 and 10 days after injection of subretinal blood. H: Density
of TUNEL-positive cells in the outer nuclear layer in wild-type and C3�/�

animals at 5 days after subretinal injection. I: Density of microglial cells in
wild-type and C3�/� animals at 5 days after subretinal injection. No signifi-
cant differences were detected (P � 0.05) for all comparisons between
wild-type and C3�/� animals. Data for postinjection day 5: n � 15 eyes from
8 wild-type animals and 12 eyes from 6 C3�/� animals. Data for postinjection

�/�
day 10: n � 5 eyes from 3 wild-type animals and 4 eyes from 3 C3
animals. Scale bar � 50 �m.
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increase in GFAP immunopositivity in Müller cell pro-
cesses. While it is possible that activated inflammatory
cells in the outer nuclear layer may have also included
macrophages infiltrating from the choroidal circulation,
the apparently migratory and polarized morphologic fea-
tures of resident retinal microglia in the inner retina indi-
cate that they likely contribute to the aggregated popu-
lation. In previous studies, we demonstrated that resident
retinal microglia can migrate rapidly through retinal tissue
in response to tissue injury39 under the guidance of che-
motactic cytokines.40 These experiments are the first, to
our knowledge, to describe the inflammatory reaction to
subretinal hemorrhage in the form of rapid onset of mi-
croglial activation and migration to the outer nuclear layer
in the first hours after hemorrhage, and the accumulation
of activated microglia and macrophages in the outer ret-
ina that forms concurrently with the wave of apoptotic
photoreceptor cell death in the outer nuclear layer. These
results posit the involvement of activated microglia at the
earliest stages of disease pathogenesis and link changes
in microglial physiologic features to onset of apoptotic
photoreceptor cell death. The dynamics of this response
reflect the need for early intervention in the clinical con-
text of subretinal hemorrhage and suggest microglial in-
hibition as a potential therapeutic target.

Formation of large subretinal hemorrhages induces
both physical detachment of photoreceptors from the
retinal pigment epithelial layer and the presence of blood
components in the subretinal space. Our experiments in
the mouse model comparing the effects of subretinal
injections of blood to equivolume subretinal injections of
inert viscoelastic material demonstrate that although
some measure of outer nuclear layer apoptosis may be
induced from physical retinal detachment alone, the
presence of blood in the subretinal space contributed
additionally and significantly to outer retinal atrophy. Red
blood cells, which form most of the cellular content of the
hemorrhage, likely constitute an important contributing
blood constituent because separate subretinal injections
of cell-free mouse serum samples produced less outer
nuclear layer apoptosis and atrophy (data not shown).
Also, the degree of microglial infiltration was significantly
greater in subretinal blood versus subretinal viscoelastic
injections, underlining the influence of hemorrhage in in-
ducing migration and influx of inflammatory cells into the
outer retina.30 ELISA analyses of retinal tissue after sub-
retinal injection demonstrated that although increases in
inflammatory cytokines, chemotactic cytokines, and ad-
hesion molecules occurred after control viscoelastic ma-
terial injections, these factors were all increased to a
greater general extent after subretinal blood injections. It
is possible that the presence of subretinal blood addi-
tionally increases activation of retinal microglia, inducing
increased expression of microglial factors that can attract
additional microglia from the inner retina (chemotactic
cytokines), retain them in the outer retina (adhesion mol-
ecules), and contribute to their further activation (inflam-
matory cytokines). This notion is supported by in vitro
experiments that demonstrated the ability of red blood
cells to increase TNF-�, CCL2, and CCL5 in cultured

retinal microglia. The activation of Müller cells may addi-
tionally result in expression of chemokines that recruit
and activate inflammatory microglia and macrophages.41

We hypothesize that the increasing density of micro-
glia and macrophages after subretinal hemorrhage trans-
forms the environment of the outer retina from an im-
mune-privileged zone42 normally devoid of retinal
microglia43 into a highly proinflammatory region, which in
turn potentiates processes of cellular apoptosis and pho-
toreceptor degeneration. Our experimental results involv-
ing microglial inhibition with minocycline lend support to
this notion. Minocycline is a semi-synthetic tetracycline
derivative that, in addition to its antimicrobial action, pos-
sesses anti-inflammatory properties including inhibition
of central nervous system microglia.44–46 It has a favor-
able distribution across the blood–central nervous sys-
tem barrier, has high bioavailability, and is clinically well
tolerated,47 all of which have promoted its potential
use.48 In in vivo retinal studies, minocycline reduced mi-
croglial activation in models of glaucoma49 and retinal
degeneration,50 and improved pathologic outcome mea-
sures in retinal degeneration,50 retinal detachment,51 and
diabetic retinopathy.52 In the present study, we observed
that minocycline treatment can significantly decrease mi-
croglial infiltration in the outer nuclear layer and reduce
TUNEL positivity and atrophy in the outer retina. Our in
vitro studies of minocycline in cultured mouse retinal mi-
croglial cells indicated that the ameliorative effects may
relate to suppression of cytokines TNF-�, CCL2, and
CCL5. The role of inflammatory reactions in potentiating
photoreceptor cell death is also supported by previous
observations that triamcinolone, an immunosuppressive
corticosteroid, can reduce photoreceptor cell death in a
rabbit model of subretinal hemorrhage.38

We recognize from our results that despite exerting an
ameliorative effect on photoreceptor apoptosis, minocy-
cline treatment alone does not completely arrest photo-
receptor degeneration in subretinal hemorrhage. Al-
though outer nuclear layer atrophy was slowed with
treatment, it nevertheless continued to progress. Minocy-
cline monotherapy may thus be useful only in transiently
delaying the progression of photoreceptor degeneration
so that an extended window of opportunity may be insti-
tuted to enable addition of other surgical interventions.
Our results demonstrate that onset of inflammatory reac-
tions and commencement of cellular apoptosis after sub-
retinal hemorrhage occur rapidly, and underscore the
need for readily instituted neuroprotective strategies
shortly after occurrence of hemorrhage. Future work will
investigate other potential microglial inhibitors that may
exert more sustained therapeutic effects either alone or in
combination with surgical strategies.

In the present study, we also investigated the involve-
ment of the complement system in the inflammatory
pathophysiologic features of subretinal hemorrhage. The
complement cascade, involved in a variety of inflamma-
tory, opsonization, and cytolytic reactions in many central
nervous system disorders, is composed of a number of
pathways in which C3 has a central role.32 Involvement of
the complement cascade has been implicated in intra-
cerebral hemorrhage31, in which cleavage of C3 releases

the C3a anaphylatoxin, which activates resident micro-
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glia and attracts circulating leukocytes53 and also forms
the C5b-9 membrane attack complex, which induces
erythrocyte lysis and also perhaps bystander neuronal
apoptosis.54 Induction of intracerebral hemorrhage in
C3-deficient mice has also resulted in less brain edema,
lower microglial activation, and fewer neurologic deficits
than in wild-type control mice.55,56 In our mouse model of
subretinal hemorrhage, it was observed that C3 deposi-
tion is increased in the subretinal space in the area of the
hemorrhage and also more diffusely in Bruch’s mem-
brane. Minimal or no C3 deposition was observed in
either C3-deficient mice with subretinal hemorrhage or in
uninjected wild-type mice (data not shown). Although
complement deposition was associated with the pres-
ence of subretinal hemorrhage in our model, microglial
and macrophage infiltration, outer nuclear layer apopto-
sis, and photoreceptor atrophy all occurred to similar
extents in both wild-type and C3-deficient mice. These
results suggest that the absence of the central compo-
nent of the complement system is not sufficient to ame-
liorate the inflammatory and degenerative consequences
of subretinal hemorrhage and that complement activation
may not be required to induce outer retinal atrophy.

In summary, we have established a murine model for
subretinal hemorrhage that recapitulates features of the
clinical disease and may be useful for examining under-
lying cellular and molecular pathogenic mechanisms of
photoreceptor atrophy and for evaluating potential exper-
imental therapies. We have also characterized the inflam-
matory component of subretinal hemorrhage as an early
and progressive infiltration of microglia and macro-
phages into the outer retina that occurs concurrent with
initiation of photoreceptor apoptosis. This inflammatory
reaction likely contributes to photoreceptor atrophy be-
cause minocycline, an inhibitor of microglial activation,
decreases microglial chemokine production, reduces mi-
croglial infiltration in vivo, and exerts a neuroprotective
effect on photoreceptor apoptosis and atrophy. Micro-
glial inhibition using agents such as minocycline that
have high bioavailability and a favorable adverse effect
profile may represent a useful ancillary therapeutic strat-
egy to provide neuroprotection to photoreceptors at risk
in the acute aftermath of subretinal hemorrhage, before
the institution of surgical and pneumatic displacement
approaches, with the final goal of minimizing photorecep-
tor cell death and permanent visual loss in this challeng-
ing clinical scenario.
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